An empirical study to develop benchmark models at country-level to assess the suggested number of earthquake strongmotion stations based on a framework encompassing geographic, demographic, and socio-economic parameters is reported. The models are to provide a working estimate of the required number of stations for improving the strongmotion instrumentation program of Indonesia. National earthquake strong-motion networks of New Zealand, Japan, Taiwan, Iran, Turkey, and Italy were used as the references. The parameter proposed is the number of stations in land area of 1,000 km 2 , and three models based on the exponential regression analysis are presented as functions of population density, Gross Domestic Product (GDP) per capita, and the Global Competitiveness Index (GCI) Basic Requirements Index. Using the models, it is suggested that Indonesia would require at least 750 stations.
Introduction
The Government of Indonesia, following the 24 December 2004 Aceh earthquake, has started a strongmotion instrumentation program. The program would include the installation of about 500 strong-motion instruments by year 2014. These instruments were initially set up to serve as back-up instruments for the Indonesia Tsunami Early Warning System; 160 instruments are currently co-located with broadband seismometers. However, the latter deployment of the instruments is mostly for engineering purposes. The technical agency responsible for this program is the Agency for Meteorology, Climatology, and Geophysics of Indonesia and, at present, the number of instruments installed is 218 instruments.
The question regarding the adequacy of 500 strongmotion instruments for Indonesia has been raised during the program implementation and, if this is not adequate, the following question is then how many instruments would be required for Indonesia. The Consortium of Organizations for Strong-Motion Observation Systems (COSMOS) [1] publishes a set of general criteria, but these criteria are too general to answer the questions. Referring to similar programs in other countries would then be the alternative; the strong-motion instruments of K-Net in Japan [2] is stationed on average 25 km apart, while the instrument network in Italy [3] consists of stations in a 20-30 km apart mesh in highly seismic areas. However, using these criteria as the sole reference, Indonesia would require 2,000 to more than 4,000 stations which at present would be technically and financially prohibitive. Review of world-wide strongmotion stations [4] [5] did not address these questions as well.
This paper reports an empirical study to develop benchmark models at country-level to assess the required number of strong-motion stations based on a framework encompassing geographic, demographic, and socio-economic parameters. The benchmark models are to address the adequacy of the current strong-motion instrumentation program and to provide a working estimate of the required number of strong-motion instruments for entire Indonesia for improving the program.
Methods
COSMOS [1] states five global siting considerations to optimize the location of strong-motion instrument stations, and the considerations relevant to this research are the following: likelihood of shaking; risk related to the existing infrastructure; and likelihood for casualties, death, or human suffering resulting from the fragility of the infrastructure. These considerations had to be modified to the country-level because the benchmarking was to be conducted for this level. In this study, a three step research method, in which seismic, geographic, and socio-economic aspects at country-level are used as proxies to these siting considerations, is developed.
The first step of the research method was to search for countries with openly published strong-motion instrumentation programs to deduct knowledge about how these countries have developed their programs. The countries were New Zealand, Japan, Taiwan, South Korea, Iran, Turkey, Italy, the United States of America (USA), Canada, and Mexico. The programs considered were those at country-level, not at regional or local level. The next step was to examine the geographical distribution of stations for each country. As the goal is to develop a country-level benchmark, the stations in each referred country are installed relatively in the entire country to minimize biases in the benchmark models. Based on this criterion, the countries not considered further were USA, Canada, and Mexico; the stations in both USA and Mexico are mostly in the west coast areas, and those in Canada are mostly in the west coast area and Quebec.
Conditions of the further considered countries varied significantly, and the third step therefore was to search for common seismic, geographic, and socio-economic databases. The following are the referred databases: a) Seismic database: United States Geological Survey (USGS)-World Earthquake Information by Country/ Region [6] , b) Geographic database: Central Intelligence Agency-The World Factbook [7] , c) Socioeconomic database: The Global Competitiveness Report 2011-2012 published by the World Economic Forum [8] .
The seismic and geographic parameters considered are the 500-year return period peak ground acceleration and the land area, respectively. The socio-economic parameters are the population, Gross Domestic Product (GDP) per capita, and the Basic Requirements Index within the Global Competitiveness Index (GCI). It is noted that the first two parameters have been found to [9] [10] , while the last parameter was chosen to represent the country institution quality which has been found to correlate with casualties as well [9] . From the remaining seven countries, South Korea is the only country not in the USGS database and therefore it was not included in the final analysis. The seismic, geographic, and socioeconomic data of the considered countries, as well of those of Indonesia, are shown in Table 1 . The last step was to examine the data to develop benchmark models. The parameter proposed is the number of stations in land area of 1,000 km 2 .
Results and Discussion
The population density, GDP per capita, and the operational and planned stations (shown as the relative bubble for the number of stations in land area of 1,000 km 2 ) for each country are shown in Figure 1 . New Zealand, Italy, Japan, and Taiwan are countries with high GDP per capita and within the group of "innovation-driven" countries of the Global Competitiveness Index [8] . Turkey is within the group "transition to innovation-driven" countries, while Iran is within the group "transition to efficiency-driven" country. Taiwan is a very densely populated country, followed by Japan and Italy. Turkey and Iran are within the relative same range of population density, while New Zealand has a relative low population density.
The PGA of Taiwan is very high in the entire country. The PGA of Japan, New Zealand, Iran, and Turkey is within the same range, although it varies quite significantly within each country. The PGA of Italy is in the lower range, compared to that of the other considered countries.
The number of stations in land area of 1,000 km 2 for Taiwan is significantly larger than that for the other countries; the logical explanation would be that Taiwan is a densely populated, and has a relatively high GDP per capita and high PGA ranges. Japan appears to have similar characteristics to Taiwan, and the number of stations is also high. Although its PGA ranges are not as high as the others, Italy is relatively densely populated and has high GDP per capita, and it is currently developing a dense strong-motion station network. New Zealand has high GDP per capita and relatively high PGA ranges, and it has deployed considerable number of stations. Iran and Turkey are relatively comparable among the considered countries, although Iran has deployed a denser strong-motion station network.
The population density and the GDP per capita, as well as the GCI Basic Requirements Index, are plotted against the number of stations in land area of 1,000 km 2 , as shown as Figures 2 through 4 , respectively. In general, the figures indicate that, for each parameter, the number of stations increases with an increase in the parameter. However, for the regression analyses, some countries were excluded as their data values appear not to be in the same general data trends. The population density versus number of stations data of Turkey was excluded because the data appears to be lower than the data general trend. The GDP per capita versus number of stations data of Taiwan was excluded because the data is much higher than the data general trend. The GCI Basic Requirements Index versus number of stations data of New Zealand was excluded because the data is much lower than the data general trend. Several regression analyses were performed, and the exponential regression analysis was found to consistently better than the other types of regression analyses. The results for the three parameters are as follows: The r 2 value of the regression analysis is shown in the respective figures.
Indonesia is within the group of "efficiency-driven" countries of the Global Competitiveness Index [8] , with a lower GDP per capita compared to the considered countries, while it has a relatively similar range of population density to Iran and Turkey; the position of Indonesia is also shown in Figure 1 . The PGA of Indonesia is somewhat between the range for Japan, New Zealand, Iran, and Turkey and the range for Italy, and it varies rather significantly. The population density, GDP per capita, and GCI Basic Requirements Index, as well as the benchmarking results, of Indonesia are given in Table 2 . The suggested number of stations varies from 753 stations to 2,506 stations. Given that the GDP per capita and the GCI Basic Requirements Index of Indonesia are not relatively high yet and that the variation of PGA is rather significant, it is recommended at present that the lower bound value of about 750 strong-motion stations to be deployed for the Indonesian network. As the overall conditions of Indonesia would improve, a greater number of stations could be deployed in the future.
Conclusions
The development of empirical benchmark models at country-level to answer the adequacy of strong-motion instrumentation network for Indonesia is reported. This study uses a framework encompassing geographic, demographic, and socio-economic parameters as the basis. National strong-motion networks of New Zealand, Japan, Taiwan, Iran, Turkey, and Italy are used as the references. The parameter proposed is the number of stations in land area of 1,000 km 2 , and three models based on the exponential regression analysis are presented as functions of population density, GDP per capita, and the GCI Basic Requirements Index. The suggested number of stations for Indonesia varies from 753 stations to 2,506 stations. Given the current conditions of Indonesia, the lower bound value of about 750 strong-motion stations is recommended. Comparing this recommended value to the actual program, it is further recommended that the strong-motion instrumentation program of Indonesia is to be improved accordingly.
